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RESULTS OF MEASUREMEflSTS MADE DURING THE APPROACH AND 
LANDING OF SEVEN HIGH-SPEED RESEARCH AIRPLANES 
By Wendell H. Stillwell 

SUMMARY 


An investigation has Been conducted hy the National Advisory 
Committee for Aeronautics of the landing characteristics of the X-1, X-3^ 
and D- 558 -I straight-wing, the X-i<-, X-5, and D-558-II swept-wing, and 
the XF-92A delta-wing high-speed research airplanes. These tests have 
shown that ground contact occurs at about 70 to 90 percent of the maximum 
normal-force, coefficient even though the Tna.vtTmiTn normal-force coefficient 
was established by maximum lift, stability or control limitations, or 
gi*ound clearance restrictions. Eie average vertical velocity at ground 
contact for the normal landings was about 2 feet per second and the max- 
imum vertical velocity was about k-,6 feet per second. 

Tests of the X-4 airplane to determine the effect of lift-drag ratio 
on the landing maneuver showed that the largest poirtion of the landing 
flare was made at altitudes above 50 feet at low lift-drag ratios and 
that, although the vertical velocities during the approach varied from 30 
to 90 feet per second, the vertical velocities at contact were less than 
5.5 feet per second. 


INTRODUCTION 


The trend in design of airplanes for transonic and supersonic flight 
is toward the use of wings with thin sections, low aspect ratios, sweep, 
and high wing loadings. Considerable interest has, therefore, been evi- 
denced in the effects of high vertical velocities resiilting from the low 
lift-drag ratios and hi^ stalling speeds of such designs on the pilots' 
ability to perform the landing maneuver in a safe and accurate manner. 

An analysis of the effects of low lift-drag ratios and hi^ stalling 
speeds on the landing-flare characteristics (ref. 1) indicated that the 
excess speed ratio required at the start of the flare increased consid- 
erably as the lift-dieg ratio decreased and that the flare will have to 
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start at relatively high. aJ.titudes. Also, previous flight experience 
with the landing maneuver (ref. 2) has indicated that landings in which 
the vertical velocity at the start of the land.lng flare exceeded a value 
of about 25 feet per second demanded great piloting skill and were not 
regarded as practical maneuvers. 

In order to provide data concerning the landing maneuver with air- 
planes exhibiting scane of the above characteristics an investigation of 
the landing characteristics of high-speed airplanes has been undertaken 
at the NACA High-Speed Plight Station at Edwards, Calif. The investi- 
gation included average landings of the X-1, X-3, X-4, X-5, D-558-I# 
D-558-II^ and XP-92A airplanes and landings of the X-4 at various lift- 
drag ratios. This paper has been prepared to report the results of this 
investigation. 


SYMBOLS 


b wing span, ft 

c wing chord, ft 

Cj. root chord, in. 

c^ tip chord, in. 

Cjj normal-force coefficient, nW/q.S 

g acceleration due to gravity, ft/sec^ 

l/D lift-drag ratio 

n normal acceleration, g units 

q. dynamic pressure, Ib/sq ft 

S wing area, sq ft 

V true airspeed, ft /sec 

indicated airspeed, mph 
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W vei^t, lb 

p density, slugs /cu ft 

Subscript : 
max maxi mum 


DESCRIPTIOH OP AIKPIAHES 


A three-view drawing of each test airplane is shown in figure 1. 
Con^lete descriptions of each test airplane are contained in references 3 
to 9 seme of the dimensions and characteristics pertinent to this 
investigation are contained in table I. 


INSTRIMEajTATIOK 


Standard HAGA recoidlng instruments were installed in each airplane 
and although the instrumentation was not identical, the following quan- 
tities pertinent to this investigation were recorded for each airplane: 

Airspeed 

Altitude 

Vertical, longitudinal, and transverse acceleration at the 
center of gravity 

Control positions 

Groxmd equipment was used to determine airplane flight path diiring 
the approach and landing. This equipment consisted of a modified 
SCR 58 ^ radar phototheodolite and a modified Askanla KTH - ^4-1 photothe- 
odolite. Tha radar phototheodolite was used to recoid airplane altitude 
and position with respect to the radar station and from this information 
the flight path during landings was determined. The flight path and ver- 
tical velocity during the flare were obtained frcm data recorded by the 
Askanla phototheodolite located approximately one mile from the end of 
the runway and approximately one -half mile from, the edge of the runway. 
Radar beacons were used to synchronize the Askania camera and test air- 
plane recorders with the radar station. 
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TESTS, RESULTS, AND DISCUSSION 
Normal Landings 


The normal landings of the X-1, X-5, XF-92A, D-558-I, and D-558-II 
airplanes were imde on the dry lake at Edwards, Calif. Rxmways 500 feet 

wide and from 4^ to 7 miles In length, were marked on the dry lake surface. 

The .landings of the X-4 and X-5 were normally made on a 500- by 8,100-foot 
paved runway. 

Landings of the X-1, X-4, X-5, D-559-I# and D-556-H airplanes were 
performed by th2ree MCA research pilots. landings of the XP-92A were 
performed by two Air Force test pilots dvirlng the Air Force evaluation 
program and by one MCA pilot during the MCA tests. The landings of 
the X-5 were performed by a company test pilot dirrlng the manfacturers ' 
demonstration program. All of these pilots have considerable experience 
In flight tests of high-speed aircraft. 

The landing data were obtained during regular research flights and 
with the exception of the tests of the X-4 at various lift-drag ratios, 
specific flints to obtain 1 andlng data were not made. The pilots were 
aware that landing data were being obtained but no instructions or 
restrictions were given to tlie pilots concerning the landing maneuver. 

All landings were made where there was excessive runway length and are 
not considered maximum performance landings. Winds were usually low in 
relation to flight speeds and are believed to have had no appreciable 
effect on the landing maneuvers. 

The patterns of some airplanes show large variations between 
landings, but these variations are considered normal If the variations 
did not result from difficulties encountered during the maneuver suid the 
pilot described It as a normal maneuver. The data presented herein, 
except as noted, are therefore believed to represent normal or average 
].aad1,ng maneuvers. 

The recording Instruments were normally started when the airplane 
was on the downwind leg approximately opposite the contact point. The 
flight paths are presented as the projected plan euid side view of the 
landing maneuver with Initial ground contact as the reference point. 

Q?he Indicated airspeeds In miles per ho\ir are noted at approximately the 
downwind, crosswind, and Initial ground contact points. 

As used in this paper Is defined as the maximum normal-force 

coefficient that an airplane can attain In the landing maneuver and may 
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l3e establlstied by the angle of attack at •wbich. the tail cone contacts 
the ground or by the Cg- at fAilch stability or control characteristics 

prevent the airplane from, being flown at a higher 0^ or from, the act\ial 
of the airplane at stalling speed. 

X-1 .- Figure 2(a) shows the flight path during three landings of 
the X-1 airplane. She X-1, being a glider, makes the initial turn at 
hl^ altitude so that excess altitude is available to be used as power 
and, if necessary, this excess altitude is lost during tprns and slips 
on the final approach. The appreach is made at an indicated airspeed of 
approximately 200 to 220 miles per hour and contact occurs between 150 
and 150 miles per hour, indicated airspeed, trtiich corresponds to JO to 
95 percent of stall. 


Difficxilty was experienced in 1.anding the X-1 as a result of a large 
change in longitudinal trim and light control forces at stalling speeds. 
This large variation in trim made it dlff icoilt to perform a smooth, con- 
trolled landing without inadvertently skipping into the air several times. 
The landing of this airplane is also complicated by very poor pilot vis- 
ibility at moderate angles of attack. 

X-5 -- Figure 2(b) shows three landing patterns of the X-5 airplane . 
These landings are of particular interest because the hl^ wing loading 
of the X-5 results in landings at speeds that are considerably faster than 
other research airplanes. The first lending of this airplane is repre- 
sented in figure 2(b) by the solid line and shows the large approach turn 
and long straight-in approach (about 10 miles) used with the X-5* Con- 
siderable power was maintained during the approach and although airspeeds 
were not recorded during this lending the pilot reported contact at about 
2k0 miles per hour, indicated airspeed. 

The second landing is represented by the dotted line and illustrates 
a problem that may be encountered because of unfamiliarity with the maneu- 
vering characteristics of an airplane with a high wing loading. This 
land ing was started from a position of almost two miles to the side of 
the runway, and although the approach t\un was made at normal-force coef- 
ficients of from 50 to 60 percent of the airplane had completed 

only about 90 ° of turn when the runway was crossed and therefore consid- 
erable overshoot was encountered. This landing maneuver could not have 
been completed had not a fairly long approach (approximately five miles) 
been available to correct for the oversliDot of the turn. 

The third landing shown has a very large approach turn and is repre- 
sentative of the later landings of the X-5 airplane. 
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The mlnlnrum landing speed of the X-3 is restricted because of limited 
tail cone cleeirance and Cjj for tall cone contact occurs at about 80 per- 
cent of Cjj for stall. ♦ Contact speeds have been at an indicated airspeed 

of about 250 miles per hour which corresponds to about 70 percent of 
the for tail cone contact. Vertical velocities of less than 4 feet 

per second have been encoimtered at ground contact. 

X-4 . - Figure 2(c) shows normal landing patterns for the X-4 airplane. 
The approach speeds were generally higher than for the other airplsines, 
except for the X-3^ varying from 220 to 250 miles per hour, indicated 
airspeed. Contact occurred at from 15 O to I 65 miles per hour, indicated 
airspeed, which corresponds to 70 "to 80 percent of Engine power 

is reduced gradually during the approach turn and partial power is some- 
times carried to ground contact. 

With the landing gear down the minimum speed of the X-4 corresponding 
to with the elevons in the full -up position occurs at an indicated 

airspeed of about 135 miles per hoiir. Were it not for the high landing 
speed caused by the Ineffective longitudinal control the pilots would 
consider the X-4 a very satisfactory airplane to land. 

The X-4 is equipped with large effective dive brakes and therefore 
a powerful control of the glide path is available to the pilot. The 
approach is usually made with from 10° to 20° of dive brake deflection 
and after the flare is completed the dive brakes are opened to 60 ° at 
the desired landing point and the airplane immediately settles to the 
runway. 

X-5 .- Presented in figure 2(d) are three landings of the X-5 airplane 
at a wing sweep angle of 20°. The approach speeds varied from I 70 to 
180 miles per hoiir, indicated airspeed, and contact occurred at U.5 to 
130 miles per hour, indicated airspeed. The approach and contact speeds 
are lower than the other research airplanes, being comparable with present- 
day fighter-type Jet aircraft. Landings at lower speeds would be possible 
with the X-5 were it not for the poor directional stability at speeds 
below an indicated airspeed of approximately 110 miles per hoiar. Contact 
occurs at about 85 percent of the Cjj corresponding to the minimum speed 

of 110 miles per hour. 

Operation of the speed brakes on the X-5 produces a large trim change 
and extreme buffeting. Consequently they are not used during the landing 
maneuver. 

D- 558 -I . - The flight path dtaring one landing of the D-558-I is pre- 
sented in figvire 2(e). Although additional, landing data are not available. 
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this landing is beU-eved to he representative of the D- 558 -I landings. 

The approach was made at 210 miles per hoiir, indicated airspeed, and 
contact at ik-'} miles per hour which corresponds to approximately 70 per- 
cent of stall. Power was carried until the airplane was at 

about the 90 ° position and as desired the speed brakes were used to aid 
in glide path control. Although the D-558-I has good control character- 
istics near the stall, it exhibits an abrupt roll-off at the stall anfi 
therefore pilots land with an appreciable speed margin above the stall. 

At these speeds the D- 558 -I is felt by pilots to have no objectionable 
characteristics in the landing maneuver. 

D- 5^8- II .- Presented in figure 2(f) are the flight paths duriiag 
landings of the rocket— jet-powered and rocket-powered D-55S-IJ airplanes. 
These airplanes are identical except for the lack of a jet engine in 
the rocket-powered airplane which must therefore perform the 1 anding as 
a glider. Inboard wing fences were on both airplanes during these tests. 
The landings of each airplane were started frcxa about the same position 
to the side of the runway, but the glider airplane had from. 5j000 to 
8,000 feet more altitude at this point. 

As with the X-1, the glider D-558-H used up excess altitude in 
turns and slips on the final approach. Speed brakes provided additional 
aid in controlling the glide path for both airplanes. The D-558-II 
exhibits poor dynamic lateral stability with the flaps down at speeds 
above about 200 miles per hour, indicated airspeed (ref. 8). Therefore, 
some pilots prefer not to expend the flaps during the approach until the 
speed decreases below 200 miles per hour. The approach speeds were from. 
220 to 2^ miles per hour, Indicated airspeed, and the contact airspeed 
was about l40 miles per hour for the glider and from 5 "bo 10 miles per 
hour faster for the powered airplane. 

The minimum landing speed of the D-^^8-II is restricted because the 
tail cone hits the ground when the airplane is in the landing attltTide 
at speeds below 15 O miles per hour, which corresponds to a Cjj of about 

80 percent of In addition, at l40 miles per hour and below, 

the D- 558 -H becones neutrally stable longitudinally and difficulty is 
encoxmtered when making landings near this speed. Normal landings with 
both airplanes were made at 80 to 85 percent of the Cjf for I 50 miles 

per hour. 

XF-92A .- Three landings of the XE'-92A are presented in figure 2(g). 
These landings were started frcm about the same position, and the igriH-fng 
patterns are similar to those of the X-5 and D-558-I. Hi^ engi ne power 
settings were maintained during most of the downwind leg and approach 
turn and power was reduced slowly on the final approach. The minimum 
landing speed is restricted to an Indicated airspeed of approximately 
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l40 miles per hour because of the limited tail cone clearance which 
occurs at a Cjf of about 60 percent of the Cjj for stall. The approach 

is made at approximately 250 miles per hour, indicated airspeed, and con- 
tact at 180 to 153 nilles per hour which corresponds to 70 to 80 percent 
of the Cjj at tall cone contact. 

Presented in figure 2(h) are three landings of the XP-92A that are 
of Interest for camparlson with figure 2(g). These landings were made 
at about the same approach and contact speeds as those of figure 2(g), 
but they were made at idle engine power and therefore at lower lift-drag 
ratios. G?he landing patterns of figures 2(g) and 2(h) are similar except 

for a higher initial altitude and higher altitude at the start of the 

fl^re for the landings at idle engine power. Ground effect on the XP-92A 
was noticeable to the pilots and probably contributed greatly to the fact 
that the vertical velocities at ground contact were approximately the 
same for the landings with power on and at idle power. It is of interest 

to point out that one landing of ttie XF-92A, not recorded, was made dead 

stick and the pilot reported no significant difference from the landings 
at idle power. 


Vertical Velocities at Gro\md Contact 

Shown in figure 3 are the vertical and horizontal velocities at the 
initial ground contact point for landings of the test ali^lanes. The 
horizontal, velocities represent ground speeds under wind conditions that 
were generally less than 15 to 20 feet per second. The average vertical 
velocity is about 2 feet per second and a vertical velocity of k.6 feet 
per second was tlie largest encountered during these normal landings. It 
is interesting to point out that significant differences between the ver- 
tical velocities of the D-558-H glider and jet-powered airplanes or 
between the power-on or idle power landings of the XP-92A airplane are 
not apparent. 


Groimd Effect 

With short landing gear and low aspect ratios the cushioning of 
ground effect is very pronoimced and is one factor tending to decrease 
the vertical velocities at contact. Althoiogh quantitative data concerning 
ground effect were not obtained during this investigation, the pilots 
reported it is noticeable on the X-1, D-^^8-1, and D-556-II although not 
as pronounced as on the X-k- and XF-92A. airplanes. Ground effect has been 
very noticeable on the XF-92A. and landings have been described by sane 
pilots as being easily accomplished by maintaining a constant glide aingle 
and utilizing the ground effect to reduce the vertical velocity to a low 
value near the groimd. 
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Effects of Lift-Drag Eatio 

During the 3s.nding tests of the ' X-if It was decided that because of 
the wide range of lift-drag ratios available by use of the large dive 
brakes, an Investigation would be conducted of the effects of lift-drag 
ratio on the .1 anding maneuver . 

Figure k shows the variation of lift-drag ratio with dive-brake angle 
and indicated airspeed for the X-4 airplane . These lift-drag ratios were 
measured in gliding fli^t with the jet engines throttled back to produce 
zero thrust. This figure shows that lift-drag ratios between 1.5 to 6.0 
may be obtained during the approach and from about 5 to 9-5 at contact. 

Figure 5 shows a cco^jarison of the landing patterns of the X-h with 
values of lift-drag ratio at the beginning of the approach varying from 8 
to These landings were started at an altitude of approximately 

5,000 feet with the engines maintaining zez^ thrust and with a constant 
dive -brake angle during the landing maneuver. The patterns beccaue smaller 
as the lift-drag ratio decreases which requires an increase in acceler- 
ation during the approach tiim from l.lg at a lift-drag ratio of 8 to 
about 1 . 5 g at a lift-drag ratio of 5 - 5 - !Ebe higher acceleration restilts 
also from the fact that psirt of the landing flare is made during the final 
approach turn at the lower lift-drag ratios. This has prevented landings 
from being made at dive-brake settings greater than 55 ° because the 
largest portion of the flare is made during the turn at these settings 
and there is insufficient eleven control to enable the maneuver to be 
accomplished at larger dive -brake settings. One factor noted by the 
pilots was the short length of time, 50 seconds, at an approach lift-drag 
ratio of 5-5 as compared with about ihO seconds at a lift-dr^ ratio of 8 
during which the pilot could correct and modify his landing approach. 

The poor longitudinal control at large dive-brake settings was the 
pilots’ greatest coo^jlaint during these flints. They felt that, if 
sufficient longitudinal control were available, landings could be per- 
formed at still lower lift-drag ratios. Landings at the lowest lift -drag ' 
ratios were not felt to require exceptional piloting skill or a great deal 
of practice . However, it should be remembered that for these .landings 
the lift-drag ratio Increased with decreasing speed and although .landings 
were started at a lift-drag ratio of 5.5 the lowest lift-drag ratio at 
contact was about 6.2 even neglecting grotmd effect. At high lift-dreig 
ratios ground effect was very noticeable to the pilots, whereas at the 
lower lift-drag ratios ground effect was not nearly so pronomced . 

A comparison of the patterns for noimal landings of the X-4 with 
these landings shows that the normal landings have a pattern similar to 
that obtained at a lift-drag ratio of 8 . The pilots Indicated, however, 
that, if they had to make landings with fixed dive brakes, an approach 
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lift-drag ratio of about 5 would be preferable. Althou^ no attempt to 
obtain spot landings has been made^ it is the opinion of the pilots that 
greater accuracy is possible at the lower values of lift-drag ratios. 

The vertical velocity at the beginning of the approach, at an alti- 
tude of 50 feet, and at contact are presented in figure 6 for various 
lift-drag ratios. The approach vertical velocities vary from about 
90 feet per second at a lift-drag ratio of 3.5 to about 50 feet per second 
at a lift-drag ratio of about 9*0. The vertical velocity at 50 feet, 
however, has a value of from 25 to 10 feet per second and shows little 
variation with lift -drag ratio indicating that, at the lower lift-drag 
ratios, a greater part of the flare is perfoimed at altitudes above 
50 feet. The vertical velocities at contact were below a value of 3 feet 
per second at lift-drag ratios from about 11 to 7 ajad- Increased slightly 
to values of 3*5 an<i 5*5 feet per second at lift-drag ratios near 6.0. 


CONCLUDING EEMAEKS 


Tests of the X-1, X-3, X-4, X-5, D-558-I, D- 558-11, and XF-92A air- 
planes have shown that ground contact occurs at about 70 "to 90 percent 
of the maximum normal-force coefficient even though the maximum normal- 
force coefficient was established by maximum lift, stability or control 
limitations, or ground clearance restrictions. The average vertical, 
velocity at ground contact for the normal landings was about 2 feet per 
second and the maximum vertical velocity was about h.6 feet second. 

Landings of the X-4 airplane to determine the effect of lift-drag 
ratio showed that the largest portion of the landing flare was madLe at 
altitudes above 50 feet at low lift-drag ratios and that, although the 
vertical velocities during the approach varied from 50 to 90 feet per 
second, the vertical velocities at contact were less than 5*5 feet per 
second. 


High-Speed Flight Station, 

National Advisory Committee for Aeronautics, 
Edwards, Calif., November 5^ 195^. 
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(a) X-1 glider airplane. 

Figure 2.- Landing patterns for the test alrplsBies 
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(c) X-4 airplane. 


Figure 2.- Continued- 
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Figure 3*- Vertical and horizontal velocities at ground contact. 
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Ltf-fc-drag raUo 



Figure 4.- Variation of lift-drag ratio with dive-brake position and 
indicated airspeed of the X-4 alrplene. 
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Figure 6.- Variation with lift-drag ratio of vertical velocity at three 
points during the landing of the X-l^ airplane. 
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